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Two soil profiles from the United States with radically different emplacement and climatic histories were analyzed for
U, Th and members of the 238U decay series (234U, 230Th, 226Ra, 210Pb), 137Cs and osmium isotopes. The arid New Mexico
profile is developed on an approximately 250,000 years old colluvium while the temperate New Hampshire profile is
formed on till after the last glaciation at about 10,000 years ago. Both the profiles show significant 234U/238U, 230Th/234U
and 226Ra/230Th disequilibria, however, in the New Hampshire profile, the disequilibria are far more pronounced in mid-
depths (20–50 cm). High Os concentration with highly radiogenic 187Os/188Os is another characteristic of the mid-depths
of the New Hampshire profile. This layer, particularly at about 30–40 cm depth has the characteristics of a soil developed
on black shale, as evidenced from both the high U and Os concentrations and the large excess of 230Th over 238U. This
profile clearly shows that the regolith on which the contemporary soil is developing was not homogeneous. The presence
of measurable excess 226Ra activity over 230Th activity in both profiles suggests the need for a source of 226Ra external to
the regolith in both cases. Atmospheric deposition of 226Ra is a possible source for this 226Ra excess and brings to light the
important role of atmospheric deposition of nuclides and their transport in the soil profile in pedogenic processes. It also
shows that regolith developed by glacial processes need not be homogeneous, thereby confounding the understanding of
vertically modified soil profiles.
Keywords: uranium decay series, osmium isotope, soil, New Mexico, New Hampshire
1968; Moreira-Nordemann, 1980; Greeman et al., 1990;
Osmond and Ivanovich, 1992; Scott et al., 1992; Mathieu
et al., 1995; Vigier et al., 2001; Dequincey et al., 2002;
Chabaux et al., 2003). These applications rely on two
important characteristics of these nuclides: (i) their sup-
ply rates to the system can be assessed fairly accurately
and (ii) they have different chemical (and nuclear) prop-
erties that contribute to fractionation among the mem-
bers of the decay chain during weathering and transpor-
tation. Earlier studies have shown that in general U and
Ra are more mobile than Th during rock (soil)-water in-
teractions and that 234U is released to solution preferen-
tially over 238U during weathering due to a-recoil effects
(Chabaux et al., 2003).
Analogous to the U-Th series isotopes, Os and its iso-
topic composition 187Os/188Os are potential tools to study
soil formation and weathering processes (Peucker-
Ehrenbrink and Blum, 1998; Peucker-Ehrenbrink and
Hannigan, 2000; Pierson-Wickmann et al., 2002) as well
as aqueous element transport (Sharma et al., 1997;
Peucker-Ehrenbrink and Ravizza, 2000; Williams, 2002).
The basis of these applications can be strengthened if the
geochemical behavior of Os in the hydrological cycle,
particularly during rock (soil)-water interactions, is bet-
ter understood as these processes regulate the supply of
Os to solution and eventually to the oceans (Peucker-
INTRODUCTION
Soils may be thought of as open systems that are the
result of the chemical weathering of primary minerals,
the formation of secondary minerals and the acquisition
of solutes from percolating water. The process of soil for-
mation is complex and may involve congruent and in-
congruent dissolution of minerals, differing rates of al-
teration of various phases, physical transport of solid
phases, solution and re-precipitation, and addition or re-
moval of both solid and liquid phases from the soils. The
distribution of elemental and isotope abundances in soils
and their parent material can provide insight into these
chemical weathering processes and the mobility of vari-
ous elements in the earth surface environment.
Radioactive disequilibria among members of 238U and
232Th decay series have been used as tracers of elemental
fractionation during weathering and as tools to derive
erosion rates (Rosholt et al., 1966; Hansen and Stout,
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Ehrenbrink and Blum, 1998; Peucker-Ehrenbrink and
Hannigan, 2000).
In this study, measurements of U-Th series nuclides
and Os isotopes were made in two soil profiles with dif-
ferent histories to understand the behavior and transport
of these nuclides.
METHODOLOGY
As part of a separate study to determine Rn emana-
tion rates from soils, several soil cores were collected from
across the United States and analyzed for the distribution
with depth of 210Pb, 226Ra and 137Cs (Graustein and
Turekian, 1990). Of these, two cores were selected for
this study because they represented opposite ends of the
range of the rate and intensity of chemical alteration. Like
most soils of the United States, they are both developed
on transported surficial deposits, rather than the result of
in situ alteration of the underlying bedrock.
The NM01 soil core was obtained from grassland on
the Double Arrow Ranch near Winston, New Mexico
(33∞28¢ N, 107∞40¢ W; 2105 m elevation). Like many soils
in the region, this profile is developed on a uniform mid-
Pleistocene colluvium and is classified in the standard
soil taxonomy as an aridisol (e.g., Buckman and Brady,
1969). The “Desert Project”, one of the detailed studies
of the relations between soil development, geology and
geomorphology in this environment, was carried out about
100 km south of this site (e.g., Gile and Hawley, 1981)
and it is expected that the findings there are applicable to
the NM01 site. The two most notable aspects of transport
in soils in this area are the accumulation of CaCO3 by
precipitation from solution at depths on the order of a
meter and the accumulation of clay by illuvation (trans-
port of the solid phase through the soil pores) above the
zone of carbonate accumulation. For both clay and car-
bonate, the amount of accumulation increases with the
geomorphic age of the parent material. In the older soils,
the clay forms “skins”, layers of individual grains with
their c axes aligned, around the peds (or clods). Com-
pared visually to the soils described in the Desert Project,
the NM01 profile is at an early stage of development, with
modest carbonate accumulation and a small degree of
chemical alteration. The core shows no evident clay
“skins” and other signatures of major alteration of the
parent colluvium. Based on comparison with the profiles
described and dated in the Desert Project, the age of the
NM01 profile is estimated to be roughly 250,000 years.
In comparison, the NH47 soil core, collected from
under a lowland boreal forest on level terrain near the
Dead Diamond River in northern New Hampshire (44∞55¢
N, 71∞5¢ W; 440 m), exhibits intense alteration in a rela-
tively short period of time. The profile is developed on
poorly sorted glacial till and is classified as a spodosol.
The defining characteristic of these soils is a near-
surface zone of intense leaching in which weathering re-
sistant minerals such as quartz remain. Below this zone
generally there is a layer that is enriched in humic matter
and sesquioxides of iron and aluminum (cf., Buckman
and Brady, 1969). In contrast to NM01, the amount of
mass transport since the parent material was exposed by
deglaciation roughly 10,000 years ago was sufficient to
change the texture and appearance of the upper 60 cm of
the parent material significantly.
These two cores were analyzed for 238U series nuclides
and 232Th, Os concentration and 187Os/188Os. In addition,
the New Hampshire soil was analyzed for organic carbon
and potassium. The procedures used for these measure-
ments are described briefly in the following sections.
U and Th isotopes by alpha-spectrometry
U and Th isotope measurements were made on ashed
samples. For each sample, several grams of air dried
material were ashed at 550∞C overnight in a muffle fur-
nace. The weight loss during ashing ranged from ~3% to
12% in the New Hampshire samples and from ~6% to
11% in the New Mexico samples. For U and Th isotopes,
1–2 g of ashed samples were accurately weighed into
“Savillex” containers, wetted with water and a few
milliliters of concentrated HNO3. To this, a precise amount
of 232U-228Th spike (corresponding to about 7.7 dpm) was
added and let stand overnight. The samples were digested
in HF-HNO3 to bring them into solution. Many samples,
even after repeated digestion, had visible amounts of resi-
due. These were centrifuged and the residue was further
digested with HF-HNO3. This process was repeated until
the samples were brought into complete solution. In a few
samples, a thin film of floating dark flakes was noticed
during dissolution, these samples were digested with
HClO4. The solutions from repeated digestions were com-
bined and processed for U and Th isotopes following the
procedure of Krishnaswami et al. (1984). The purified U
or Th separates were electro-deposited onto Pt discs and
assayed for their a-activities using a surface barrier de-
tector. 238U, 230Th and 232Th concentrations and 230Th/
238U, 234U/238U activity ratios were calculated from the a
spectra (Krishnaswami et al., 1984). To check on the re-
producibility of measurements, several samples were
analyzed in duplicate.
The 232U-238Th spike used was calibrated using NIST
238U standard. In addition, an independent check on the
calibration of the spike was made by analyzing a coral
sample, PR-16, (provided by Dr. Larry Edwards of the
University of Minnesota) whose 238U, 230Th concentra-
tions and 234U/238U were determined by mass
spectrometry. The 238U and 230Th concentrations (as ac-
tivity) based on mass spectrometry are 1.732 ± 0.01 and
1.604 ± 0.008 dpm g–1 respectively. This compares with
Uranium decay series and osmium in soils 653
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the a-spectrometric values of 1.83 ± 0.04 and 1.79 ± 0.04
dpm g–1 for 238U and 230Th. The concentrations determined
by mass spectrometry and a-spectrometry are marginally
outside 2 sigma uncertainties and reflect the errors asso-
ciated with calibration and measurements. The 234U/238U
and 230Th/238U activity ratios determined by the two meth-
ods agree reasonably well within ±2s analytical uncer-
tainties.
226Ra, 210Pb and 137Cs by gamma-counting
226Ra, 210Pb and 137Cs concentrations in the soil sam-
ples were determined by non-destructive g-spectrometry
(Graustein and Turekian, 1990). Briefly, the soil samples
were sealed in Al-cans, stored for several months and then
counted for their g-activities using a high resolution, low
background g-ray detector. The detector was calibrated
using a NIST 226Ra standard. 226Ra and 210Pb activities
were calculated from the gamma-counting data after ap-
propriately correcting for self-absorption.
Since in this study, results obtained by both g-
spectrometry and a-spectrometry are used to deduce
parent-daughter equilibrium systematics, an inter-
comparison of these systems are needed. The PR-16 coral
data provide a means to inter-compare the a and g sys-
tems. The 230Th concentrations in the PR-16 coral mea-
sured by a-spectrometry (1.79 ± 0.04 dpm g–1) compares
with the 226Ra values (1.64 ± 0.02 dpm g–1) determined
by g-spectrometry. These results, if anything show that
the g values are lower than the a values by ~10% for a
coupled system such as the 226Ra/230Th activity ratio.
Osmium isotopes
Osmium concentration and 187Os/188Os were measured
in both bulk and leach samples for the New Mexico core
and in bulk samples only for the New Hampshire core
following the procedures of Pegram et al. (1992, 1994)
and Pegram and Turekian (1999). Bulk samples were
analyzed by isotope dilution following addition of a 190Os
spike. The procedure involved Os extraction by nickel-
sulfide bead fusion, digestion of the metallic bead by HCl,
double distillation of Os and final purification by single
grain ion-exchange chemistry. The Os isotope measure-
ments were made by NTIMS at the Woods Hole Oceano-
graphic Institution. To determine the concentration of the
leachable fraction of Os and its isotope composition, a
few samples were leached with 6% hydrogen peroxide in
an acidic medium. Os from leachates were purified by
distillation and ion-exchange chemistry.
Organic carbon and potassium concentrations in the New
Hampshire soil profile
Organic carbon was determined using the method of
Krom and Berner (1983). In brief, samples are dried at
80∞C and then combusted at 1250∞C in a LecoTM carbon
analyzer. The percent total carbon is calculated from the
volume of the evolved CO2. The inorganic carbon is mea-
sured after preheating of the samples at 550∞C overnight
to drive off the organic carbon. The organic carbon is
found by the difference between the total and inorganic
carbon.
Potassium concentrations were measured by g-
counting of 40K using a coaxial Li-Ge detector with suit-
able standards.
RESULTS
The U and Th isotopes (a-spectrometry) and 228Ra,
210Pb and 137Cs (g-spectrometry) concentrations (as ac-
tivities) and activity ratios for the New Mexico and the
New Hampshire soil profiles are given in Tables 1 and 2.
The errors given in the tables are ±1s and are cumulative
for counting statistics and tracer calibration. The results
of repeat measurements of U and Th isotopes in four sam-
ples, performed about two years apart are given in Table
3. The repeat measurements show good agreement, sug-
gesting that on average the reproducibility of analytical
and counting procedures for concentration and activity
ratio measurements are generally better than ~5%. For
Table 3.  Results of repeat measurements by acid digestion. Core: NM-01,
Double Arrow, New Mexico.
*Concentration in dpm g–1. Typical ±1s uncertainties in concentration ±3%.
Depth (cm) Year of analysis 238U 230Th 232Th 234U/238U 230Th/238U
10–15 1994 1.90 2.18 3.08 0.86 ± 0.02 1.15 ± 0.04
1996 1.76 1.96 2.91 0.89 ± 0.02 1.12 ± 0.05
30–40 1994 1.64 2.04 2.94 0.93 ± 0.02 1.24 ± 0.04
1996 1.65 2.02 2.78 0.87 ± 0.02 1.22 ± 0.05
40–50 1994 1.66 2.08 3.0 0.91 ± 0.02 1.25 ± 0.04
1996 1.70 — — 0.90 ± 0.02 —
70–80 1994 1.29 1.30 1.71 0.94 ± 0.02 1.00 ± 0.03
1996 1.30 1.30 1.61 0.96 ± 0.02 1.00 ± 0.04
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further verification, three samples from the New
Hampshire profile were analyzed for their U and Th iso-
topes concentrations by lithium metaborate fusion. The
results of these analyses (Table 4) show that in all the
samples, U and Th isotope abundances determined by the
fusion method were slightly higher than those measured
by acid digestion, the difference being 3% to 7% for 230Th
and about 10% for 238U. The 230Th/238U activity ratios
measured by the two methods, however, were within or
slightly outside 2 sigma errors. These data, if typical of
all samples analyzed in this study, would lead to the in-
ference that generally the acid digestion procedure used
does not fractionate between U and Th isotopes.
Table 2 also contains potassium, organic carbon and
bulk Os concentrations and Os isotope compositions for
the New Hampshire samples. Tables 1 shows 187Os/188Os
values for both bulk and leachable Os concentrations and
Os isotope compositions in the New Mexico samples.
DISCUSSION
The soil profiles from New Hampshire and New
Mexico have different histories and contemporary climatic
regimes. For that reason, each will be discussed separately
prior to determining weathering trends across the two
regimes.
The New Mexico soil profile
Atmospherically derived nuclides: 137Cs and 210Pb  The
profile of 137Cs in the New Mexico profile shows the high-
est activity at the surface, with detectable activities dis-
tributed between 30 and 70 cm. The only source of 137Cs
in soils is fallout from atmospheric testing of nuclear
weapons, which reached a peak in 1960–62. In most US
soils collected around 1980, 90% or more of the 137Cs is
retained in the upper 10–15 cm of the profile (Graustein
and Turekian, 1990). 137Cs is strongly adsorbed by or-
ganic material and by illitic clays, making its penetration
to greater depths, as observed in the New Mexico soil
core, quite uncommon. Possible explanations for the pres-
ence of 137Cs deeper in this core include (1) the aridity of
the region. This leads to soil solutions with high ionic
strength that reduces sorption of Cs, (2) low content of
organic matter near the soil surface which reduces reten-
tivity of Cs in soil, and (3) illuvation of clay from the
upper horizons to lower ones, which physically transports
137Cs activity from surface to deeper sections.
The distribution of 210Pb in the New Mexico soil pro-
file shows an excess of 210Pb over 226Ra in the top five
cm with deficiencies to a depth of about 60 cm. This dis-
tribution is due to the atmospheric supply of 210Pb in the
top five cm with loss of 222Rn from the soil down to a
depth of about 60 cm. The amount of 210Pb transferred
from the surface to depth by the same processes as for
137Cs cannot be directly determined because of the de-
pletion of 210Pb at depth resulting from radon loss.
238U and 232Th  Both 238U and 232Th, the primordial par-
ents of their respective decay chains, are nearly uniformly
distributed between 5 and 50 cm. The activity of both
these nuclides in the 70–80 cm interval, however, is 20%–
40% lower than in the upper part of the profile. This de-
crease is presumably due to dilution by the accumulation
of CaCO3 during the process of soil formation.
The 238U/232Th values show a more distinct pattern
than either of its components. From 5–50 cm depth the
average 238U/232Th is 0.59; from 70–80, where the activi-
ties of both nuclides are lower than the upper parts of the
core, it rises to 0.75. This change is consistent with the
leaching of U from the upper horizon and partial co-
precipitation with CaCO3.
238U-234U-230Th systematics  238U concentrations in core
NM-01 (Table 1) are nearly uniform in the surface to 50
cm depth interval with values centering around 1.7 dpm
g–1. 230Th in these samples is slightly higher than 238U
with values of about 2.1 dpm g–1, yielding 230Th/238U ac-
tivity ratio of ~1.2. In the 70–80 cm sample, both 238U
and 230Th are lower, ~1.3 dpm g–1 with activity ratio of
1.0. The 234U/238U activity ratio is <1.0 in all the samples
Table 4.  Comparison of acid digestion and fusion results. Core NH-47, Forks
of Diamond, New Hampshire.
(a)D: acid digestion, F: metaborate fusion.
*In dpm g–1, errors are ±1s.
**Poor chemical yield.
Depth (cm) Method(a) 238U* 230Th 232Th 230Th/238U
30–40 D 3.70 ± 0.08 11.3 ± 0.28 3.79 ± 0.10 3.05 ± 0.10
F 4.20 ± 0.08 12.1 ± 0.33 3.97 ± 0.12 2.89 ± 0.10
20–30 D 2.67 ± 0.07 4.90 ± 0.15 3.15 ± 0.10 1.84 ± 0.07
F 3.08 ± 0.06 5.12 ± 0.13 3.18 ± 0.08 1.66 ± 0.05
10–15 D 1.86 ± 0.04 1.87 ± 0.06 2.74 ± 0.08 1.01 ± 0.05
F 2.05 ± 0.04 —** — —
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analyzed, with distinctly lower values, ~0.86 in the up-
per 20 cm of the profile; the highest value, 0.94, is in the
70–80 cm interval.
The distributions of 234U, 238U and 230Th activities with
depth are shown in Fig. 1. Similar patterns of activities
where 234U < 238U < 230Th in the upper 50 cm of soils
have been reported by Rosholt et al. (1966) and Muhs et
al. (1990).
This pattern of disequilibrium in the upper 50 cm is
consistent with leaching of U in preference to Th. The
deficiency in 234U with respect to 238U in the solid phase
suggests its preferential solution due to the effects of a-
recoil and subsequent removal. The deficiency of 234U
with respect to 230Th indicates that U is more mobile than
Th and that its removal is part of the ongoing soil form-
ing process since the initial emplacement of the colluvium
about 250,000 years ago. On the other hand the 250,000
year half-life of 234U allows for the possibility that some
portion of the preferential removal of 234U compared to
238U could have taken place prior to the emplacement of
the minerals in the present location.
In the zone of carbonate accumulation at 70–80 cm
depth, the 238U, 234U and 230Th activities are nearly equal
and are all less than the upper parts of the profile. We
presume that the decreased activities are due to dilution
by pedogenic carbonate. The physical accumulation of
carbonate can retard or stop the leaching of U and allow
the decay chain to grow into equilibrium. Since only bulk
samples were analyzed and activities of the three nuclides
are the same, inferences about ages cannot be made.
226Ra  There is excess 226Ra at all depths in the soil pro-
file compared to its parent 230Th with activity ratios of
226Ra/230Th from 1.06 and 1.30. Thus 226Ra is in excess
of 230Th and 230Th is in excess of 238U. As the New
Hampshire soil core also shows similar excess of 226Ra
over 230Th, the discussion of the 226Ra result is deferred
until after the data for the New Hampshire profile are pre-
sented.
Os isotopes  Bulk osmium concentrations were measured
only in two samples of the New Mexico core; the values
were 13 and 16 ppt in these two samples with 187Os/188Os
of 1.116 ± 0.010 and 1.280 ± 0.034 respectively (Table
1). H2O2 leach of the samples from this core show that
the fraction of leachable Os in these soil samples is quite
small, ~5% (Table 1).
This bulk/leach concentration ratio of about 20 is sig-
nificantly higher than that measured in other sediments
(Williams, 2002), suggesting that either the osmium is
contained in a leach resistant phase or that natural soil
processes have already removed the soluble osmium from
the system. The leached osmium, despite being a small
proportion of the bulk osmium, is only slightly more ra-
diogenic. This further suggests that most osmium is con-
tained in either a single phase resistant to degradation or
leaching, or in multiple phases with similar isotopic com-
positions. The latter possibility would require either young
phases or phases with similar Re/Os ratios.
The 187Os/188Os in the 20–30 cm section is more ra-
diogenic than that at 5–10 cm by approximately 0.20 iso-
topic units. This could be caused by heterogeneity of
source composition (Piersen-Wickmann et al., 2002),
leaching of more radiogenic osmium from the near sur-
face samples and its re-deposition at depth or by atmos-
pheric deposition of anthropogenic osmium at the sur-
face which is generally less radiogenic than unweathered
cratonal material. Atmospheric osmium of anthropogenic
origin may be relatively more labile since this Os absorbs
onto particle surfaces and is not contained within a min-
eral structure. Thus, the leach is expected to have a less
radiogenic isotopic composition if atmospheric Os is a
major component of its total Os. The lower osmium con-
centration at the surface of the core and high 187Os/188Os
in leach relative to bulk seem to suggest that anthropo-
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Fig. 1.  Distribution of 238U, 230Th, 226Ra, 230Th/238U, 234U/238U
and 226Ra/230Th with depth in a New Mexico profile. The defi-
ciency of 234U and excess of 230Th over 238U in the upper ~50
cms of the profile is evident.
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genic supply is not a significant source of Os to this site
(Williams and Turekian, 2002). The leaching of Os from
surface and its subsequent re-deposition also seems a less
likely cause for the higher 187Os/188Os at depth consider-
ing similar Os abundances in both the sections and the
low fraction of leachable Os in the deeper sample.
New Hampshire profile
Atmospherically derived nuclides: 137Cs and 210Pb  The
distribution of 210Pb and 137Cs in the New Hampshire soil
profile is typical of profiles in non-arid regions of the
United States (Graustein and Turekian, 1986): the main
accumulation of atmospherically deposited 137Cs and
210Pb is in the top 15–20 cm. Unlike the New Mexico
profile, there is no evidence for transport of atmospheri-
cally derived nuclides below 20 cm. We therefore pre-
sume that any variation in the abundance of the other
nuclides must be derived from soil forming processes or
inhomogeneity of the parent material.
U and Th isotopes  In the New Hampshire profile (Table
2), the concentrations of 238U, 230Th and 232Th show sig-
nificant change with depth, with peaks in concentration
for all three at 30–40 cm. These peaks in 238U, 230Th and
232Th coincide with that of Os concentration (Table 2). In
samples from the surface to 20 cm and in the deepest sam-
ple 60–64 cm, 238U and 230Th concentrations are ~1.8 and
~1.9 dpm g–1 respectively. The 230Th/238U activity ratios,
however, can be considered at equilibrium within ana-
lytical uncertainties. The concentrations of 238U and 230Th
in sections 20–50 cm are significantly higher than those
above and below (Table 2). These samples also exhibit
considerable excess of 230Th over 238U, with an activity
ratio as high as 3.05 ± 0.07 in the 30–40 cm depth. The
234U/238U activity ratios in all the samples analyzed are
at equilibrium within analytical errors.
The extent of disequilibrium in the New Hampshire
profile, except in the intermediate depth, 20–50 cm, is
less pronounced relative to those in the New Mexico core
(Fig. 2). The 234U/238U and 230Th/238U activity ratios are
at or near equilibrium within analytical errors (Fig. 2).
The lack of 234U/238U disequilibrium in this profile con-
trasts with that observed in the New Mexico site, and prob-
ably results from aggressive weathering contributing to
congruent dissolution of uranium isotopes. Alternatively,
this could be an “age” effect. The New Mexico profile is
considerably older (~250,000 year old parent material)
than the New Hampshire profile (~10,000 years). The
kinetics of preferential release of 234U relative to 238U
and 238U relative to 230Th may not be rapid enough to
develop measurable disequilibrium among these isotopes
over the “age” of the NH47 profile. The 230Th/238U activ-
ity ratios show disequilibrium only at mid-depths of the
core, 20–50 cm, where all nuclides show distinct peaks
in their concentrations (Fig. 2).
Spodosols are characterized by an ash-colored upper
horizon consisting principally of weathering resistant
minerals such as quartz and zircon, underlain by a hori-
zon that has a high concentration of humic material, iron
and aluminum. They are typically found in cold regions
and are developed on parent material at the time of the
last deglaciation. The NH47 profile suggests that intense
and rapid weathering takes place in the upper 20 cm re-
sulting in solution of most minerals. Sesquioxides and
humic material precipitate from solution in the horizon
of accumulation and scavenge trace elements in the proc-
ess.
The pattern of distribution of 238U decay products ap-
pears to be explicable in terms of this simple model. The
U and Th concentrations in the surface ~15 cm can be
accounted by their abundances in minerals more resist-
ant to weathering. Potential sources for the high U and
230Th in the 30–40 cm interval could be (i) scavenging
from percolating solution, the 230Th more efficiently than
U. The near equal activities of 226Ra and 230Th would
Fig. 2.  Distribution of 238U, 230Th, 226Ra, 230Th/238U, 234U/238U
and 226Ra/230Th with depth in a New Hampshire profile. The
data show high concentrations of U, Th isotopes and signifi-
cant excess of 230Th over 238U in mid-depths.
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suggest that the transport took place early in the soil form-
ing process, and (ii) inherited from parent material.
Analogous to U and Th, Os also shows high concen-
tration at mid-depth characterized by highly radiogenic
187Os/188Os. The distribution of osmium and osmium iso-
topes cannot, however, be explained by its scavenging
from percolating solution. As will be shown in the next
section, the Os systematics strongly suggest that the par-
ent material is inhomogeneous and the 30–40 cm interval
contains some weathered organic rich sediment, probably
of Paleozoic age. If the parent material is heterogeneous,
it is difficult to infer much about vertical transport of U
decay series nuclides and Th during soil formation.
The large deficiency of 234U and 238U with respect to
230Th in the 30–40 cm interval suggests that significant
U removal took place within the past 250,000 years ei-
ther in the original regolith or during the past 10,000 years
as the soil developed.
The U, Th and Os enriched layer in the mid-depth of
this core is consistent with weathered organic rich sedi-
ment, although it appears that the enriched layer is nota-
bly lowest in organic carbon of the soil profile. Consid-
ering that this soil profile developed after the last glacia-
tion ended (~10,000 years ago), and that the 230Th/238U
activity ratios in the surface and deepest sections are near
equilibrium, it seems to suggest that the origin of high
230Th and 238U in the mid-depths of the core is inherited
from an organic rich parent material. The large excess of
230Th over 238U can be explained in terms of preferential
removal of uranium from the organic rich sediments. This
removal could have occurred prior to incorporation in the
soil profile or is an ongoing process.
226Ra  Like the New Mexico soil profile, there is a clear
excess of 226Ra over that expected based on 230Th values.
The activity ratio 226Ra/230Th ranges from 1.07 to 1.30.
As both sites show excess 226Ra over 230Th throughout
the length of the cores, an explanation is required for the
prevalence of this disequilibrium in the soil profiles for
both a temperate and a semi-arid region. In the NH47
profile, the 230Th/238U disequilibrium though can be ex-
plained in terms of inheritance, it cannot account for the
226Ra excess problem: the soil profile has had over 10,000
years to develop and the half-life of 226Ra is only 1620
years.
Osmium  In the New Hampshire core, the Os concentra-
tion peaks at 390 ppt in the depth range 30–40 cm, simi-
lar to U and Th isotopes (Table 2). In the 0–20 cm sec-
tion, the Os values range from 12 to 47 ppt with the high-
est value in the surface to 5 cm section. The peak in Os
concentration also coincides with the most radiogenic
187Os/188Os (Table 2). The elevated osmium concentra-
tion (47 ppt) of the top 5 cm is probably related to the
high organic carbon content (44%) made predominantly
of leaf litter. This organic matter and associated soil can
sequester Os resulting in its higher concentration at the
surface.
The core is far less radiogenic (187Os/188Os ~ 0.7) in
the top 20 cm compared to 20–64 cm depth, where it is
significantly more radiogenic (187Os/188Os ~ 1.84–2.27).
The mid-depth highs in Os and 187Os/188Os can best
be explained as inherited from a previously developed
soil on a parent rock with high Os and 187Os/188Os, such
as an organic-rich sediments. The high Re and U concen-
trations required to give the strong radiogenic Os isotope
signature and high 230Th abundance in these sections is
consistent with this explanation (Ravizza, 1991; Singh et
al., 2003).
The New Hampshire soil profile is developed on gla-
cially mobilized prior soils on sedimentary rocks of
Ordovician through Devonian age. It is not possible to
determine the age of the hypothesized organic-rich par-
ent material due to lack of data on Re and on the rapid
and differential loss of Re and Os during weathering.
However, using the peak 187Os/188Os of ~2.2 (Table 2),
for ages of 140–320 Ma, the 187Re/188Os is calculated as
~400–700 (assuming an initial ratio between 0.25–0.60
and a half-life for 187Re of about 4.6 ¥ 1010 years;
Williams, 2002). These values are typical of black shales
of Paleozoic age (Ravizza, 1991).
The variation of 230Th/238U and 187Os/188Os in the New
Hampshire profile (Table 2) shows that both 230Th/238U
and 187Os/188Os peak at 30–40 cm. In surface layers where
230Th is effectively in equilibrium with 238U, the 187Os/
188Os is ~0.65. The 230Th excess and highly radiogenic
187Os/188Os in the mid-depths is a result of high concen-
trations of Re and U in the putative organic rich source
material (Ravizza, 1991; Singh et al., 2003). The major
difference is in the deeper sections, where the Os isotope
ratios continue to be highly radiogenic whereas the 230Th
effectively returns to equilibrium with 238U. The lack of
correlation between these isotope ratios at these depths
may be due to downward transport of radiogenic Os. If
this is the case, then material balance calculations would
require that major fractions of Os in the 40–50 and 50–
60 cm depths are of mid-depth origin.
Possible explanation for the 226Ra-230Th-238U disequi-
libria in both soil profiles
Some recent studies (Kurtz et al., 2000) show evidence
for migration and redistribution of Th in soil profiles,
which has been attributed to its affinity to form organic
complexes. The impact of this on the 230Th-226Ra disequi-
librium in the profiles analyzed is presently unknown.
Muhs et al. (1990) in their study of 238U-230Th-226Ra sys-
tematics in soil profiles from the US and Barbados report
the existence of some soils which have 226Ra excess over
230Th throughout the profile, as observed in our study.
One of these profiles from New Mexico developed on
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alluvium had 226Ra/230Th activity ratios in the range of
1.05 to 1.25. This excess was explained in terms of addi-
tion of unsupported 226Ra via airborne dust. Such a mecha-
nism can also be invoked to explain the 226Ra excess ob-
served in this study, though the origin of unsupported
226Ra in the airborne dust needs to be identified. Further,
such a source has to be continuous with a uniform flux of
about 0.02–0.03 dpm cm–2yr–1 and percolate through the
entire profile. The observation that 137Cs is detectable
deep in the New Mexico profile (Table 1) is an indication
that in this region atmospheric dust could be percolating
deeper in the soil, but whether the dust can provide the
required flux of 226Ra excess needs to be ascertained
through analysis of rain and dust samples.
In the New Hampshire profile also there is require-
ment for additional source of 226Ra to account for its ex-
cess over 230Th. If atmospheric deposition is the source
for this excess, then its transport mechanism within the
soil profile has to be different from that in New Mexico.
The observation that in the NH47 profile 137Cs is retained
in the top sections implies that the transport of the Ra is
not by illuvation but probably through solution. The
source of the 226Ra may be throughfall resulting from the
exudates from the trees as was shown to be the case for
Sr and K in the Tesuque Watershed in New Mexico
(Graustein, 1981).
Another, but unlikely explanation for the 226Ra excess
is the underestimation of 238U and 230Th concentrations
relative to 226Ra in the soils. U and Th were measured by
acid dissolution whereas Ra by non-destructive g-
spectrometry. If the acid dissolution is incomplete due to
presence of weathering resistant U-Th rich trace phases
such as zircons, such underestimation can result. More
rigorous inter-calibration needs to be done to address this.
CONCLUSIONS
The distribution patterns of U-Th series nuclides and
Os in the two soil cores, one from New Mexico and the
other from New Hampshire show clear differences. These
are expected since the origin of the soil in each locale is
different and the climatic conditions are also different.
There are, however, also some common features in the
distribution of the nuclides, although this does not neces-
sarily mean identical causes for these features.
1. The New Mexico soil profile, assumed to be about
250,000 years old, has all studied members of the ura-
nium decay chain out of equilibrium. The observation that
the 234U/238U activity ratio is less than one for most of
the core, except the bottom presumably carbonated en-
riched fraction, indicates that either the source of the soil
was out of equilibrium or that the departure from equi-
librium is maintained in emplaced soil during continuing
pedogenic processes. If the age of the soil profile is
250,000 years then the excess of 226Ra and 230Th relative
to 238U must be sustained by importation from external
sources. Based on our observations and the suggestion of
others for neighboring areas, a potential source seems to
be wind transported material enriched in 226Ra and to a
lesser extent 230Th relative to 238U. Possible sources are
caliche or playa deposits enriched in the aforementioned
nuclides. The transport through the soil profile is indi-
cated to be of a continuous basis based on the presence
of 137Cs found throughout the soil profile. Although trans-
port of a constant excess with depth is counter-intuitive,
alternative explanations are more unlikely.
2. The New Hampshire profile is distinctive in that it
is not a continuously varying system for any of the
nuclides measured. In this profile, a layer at around 30
cm has all the properties of a weathered black shale. It is
enriched in U and Os. This layer also has excess of 230Th
over 238U and highly radiogenic 187Os/188Os. Although
the other layers in the core show some excess 230Th over
238U, the departure from equilibrium is clearly sharpest
for this putative organic rich soil layer. In this glacial till
deposit on which the current soil regime is being devel-
oped is clearly not a homogeneously deposited layer.
Rather slivers of surrounding soils mobilized by the gla-
cier that once covered this area make up the stack of dif-
ferent types of material forming the soil profile. There-
fore, any attempt at treating the profile as being simply
modified by contemporary weathering process acting on
a homogeneous regolith is obviously flawed.
3. If atmospherically transported nuclides that we
studied are mobilized through the soil profile then it is
likely that other nuclides will also be transported to depth
in the profile either by illuvation, as in New Mexico, or
by solution, as in New Hampshire.
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